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ABSTRACT
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Title: Influence of Radical Proximity on the Charge Transport of Nitroxide-Based Electronics.
Major Professor: Bryan W. Boudouris

As the societal dependence upon electronics continues to expand, consumer demand dictates the
development of new materials to further augment both performance and user experience. Organic
electronic materials enable unique features and applications due to the synthetic tunability of their
optoelectronic properties, light weight, compatibility with flexible substrates, and biocompatibility.
Radical polymers, macromolecules bearing pendant stable radical sites, have emerged as a new
class of conducting polymers. These materials have demonstrated charge storage and transport
capabilities in electrolyte-supported systems (e.g., secondary batteries) and have since been a
source of inquiry for solid-state applications. Initial studies of their solid-state properties have
established the conductivity of these amorphous materials to be on par with undoped conjugated
polymers [e.g., poly(3-hexylthiophene) (P3HT)]. This warranted further investigation into
developing design rules such that next generation radical polymer materials could be realized.
Herein, we investigate the pendant radicals of poly(2,3-bis(2’,2’,6’,6’-tetramethylpiperidinyl-Noxyl-4’-oxycarbonyl)-5-norbornene) (PTNB) as a handle in electrical performance. Specifically,
we create polymer blend solutions of the electrically-active PTNB homopolymer and its quenched,
electrically-insulating

form

poly(2,3-bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-hydroxyl-4’-

oxycarbonyl)-5-norbornene) (PTNB-OH). We confirm through the use of electron paramagnetic
resonance (EPR) spectroscopy, that hydrogen atom transfer occurs between active and quenched
pendant sites to yield a copolymer system. That is, two homopolymers possessing distinct pendant
moieties can be blended in solution to yield a copolymer system of both moieties at the
homopolymer blend ratio. This blending method is used to control the proximity of radicals in thin
films, and we establish that electrical conductivity increases exponentially as radical sites are
brought into closer proximity with each other. This, as a design rule, must be prioritized in the

xii

development of next generations to achieve higher-performing materials. In conjunction with
observed temperature-independent electronic performance, this exponential relationship suggests
a tunneling mechanism governing charge transport in solid-state radical polymer systems. This
confirms a different operating paradigm for solid-state charge transport of these redox-active
materials, as compared with their conjugated counterpart. Additionally, we present this redox
capability as a handle by which we can induce swelling in grafted radical polymer brushes for
stimuli-responsive applications. Through further structure-performance investigations, synthetic
handles will be established to develop next generation radical polymer materials in a guided
manner.
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CHAPTER 1.

INTRODUCTION TO RADICAL POLYMERS

Introduction
With their pervasiveness in society steadily increasing, electronics continue to be a source
of inquiry, and the discovery of new materials a constant pursuit. Organic materials offer versatility
from a design standpoint with their light weight, flexibility, biocompatibility, and low-temperature
solution processing.1–7 The capability for synthetically tuning optical and electronic properties has
warranted further investigation into these systems and their structure-performance relationships.
Within the field of organic electronics, much effort has focused on materials possessing π
conjugation. A network of charge delocalization among the π orbitals serves as the medium for
charge transport.7,8 These materials have garnered much attention and even commercial success in
the areas of organic photovoltaics (OPVs) and organic light-emitting diodes (OLEDs).9–11 As
scientists continue to develop next generations of these materials, it is important to also explore
other chemistries by which we can conduct charge through carbon-based systems.
Radical polymers present a platform wherein charge transport occurs through a different
manner, and this difference in charge transport was first demonstrated in electrolytic environments.
Specifically, they have been utilized as electrode materials for secondary battery applications.1,12–
16

These macromolecules bear pendant sites along their backbone containing stabilized radicals

that can rapidly undergo oxidation and reduction (redox) reactions, with a heterogeneous rate
constant on the order of 10-1 cm s-1.13,17,18 For the purpose of secondary batteries, these redox
reactions enable charge shuttling during charge/discharge of the battery. We have since shown that
these rapid redox kinetics enable conductive properties when these polymers are cast in the solid
state as thin films.1,19–22 The preliminary results of this new class of conducting polymers have
shown merit, but structure-performance relationships will enable the design of next generation
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materials in a directed manner. Specifically, we endeavor to establish the role of the proximity of
the pendant radicals on electronic performance. We start by exploring the role of radical proximity
on electrical conductivity and establish an exponential relationship. We next consider the packing
of these radicals and how oxidation of the nitroxide radical can be used to induce swelling in
grafted polymer brushes to shift diffracted wavelength in photonic crystals. Lastly, we present a
single crystal system as a means to further extend our studies on the role of radical proximity on
conductivity.

Thesis Overview
Chapter 2 provides background on the field of organic electronic materials, and the space
that radical polymers have come to occupy. Design rules for the relationship between chemical
structure and electronic performance are beginning to be established for this class of materials.
The performance of a nitroxide-based polymer, poly(2,3-bis(2’,2’,6’,6’-tetramethylpiperidinyl-Noxyl-4’-oxycarbonyl)-5-norbornene) (PTNB), from the literature shows an exponential
dependence of electrical conductivity on radical loading in a polymer blend system.22 This result,
coupled with temperature-independent conductivity, suggests quantum tunneling as a possible
mechanism for solid-state charge transport. However, it is unclear how the radical loading in this
system physically impacts the distribution and spacing between radicals throughout the film (e.g.,
whether pockets of heterogeneity exist). The described tunneling mechanism would be supported
by investigation into the relationship between radical inter-site distance and electrical conductivity.
Chapter 3 presents new insights via EPR spectroscopy to the literature presented in Chapter
2. Specifically, we confirm through these data, that the system presented in Chapter 2 does not
have pockets of heterogeneity and that radical proximity does scale with radical loading.23 This
confirms that electrical conductivity decays exponentially as inter-site distance between radical

3
sites increases. This result is consistent with redox systems observed in biological media.24–31 And
this data supports the tenants of quantum tunneling as a proposed mechanism for solid-state
transport in radical polymer systems.32,33
Chapter 4 presents the redox properties of radical polymers as a handle for stimuliresponsiveness. By grafting these polymer brushes to nanoparticles, we can apply a stimulus (e.g.,
oxidation of the nitroxide radical) to induce a conformational change of the brushes, which should
also change the effective diameter of the particles. We demonstrate the successful grafting of these
polymer brushes and present the next steps to evaluate this stimuli responsiveness in photonic
sensing applications.
Chapter 5 examines a method for establishing the ceiling performance of nitroxide-based
materials, by establishing the electrical properties of a nitroxide-based small molecule single
crystal. This insight would help establish more robust design rules on the relationship between
radical proximity and electrical performance to help guide the development of future radical
polymer systems.
Chapter 6 concludes this thesis and presents ideas for delving deeper into the work presented
herein and bolstering the future outlook of radical polymers.
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CHAPTER 2.
CHARGE TRANSPORT OF RADICAL POLYMERS IN
THE SOLID STATE

Radical Polymers as a New Class of Conducting Materials
Incorporation of carbon-based materials into electronic devices has enabled significant
advances in consumer electronics. Organic electronic materials offer great versatility including
light weight, low-temperature solution processing, compatibility with flexible substrates, synthetic
tunability of optical properties, and bio-compatibility.1,2 The bulk of research to date for organic
electronic materials has focused on a class of materials that rely on π-conjugation.34,35 The
delocalized electrons associated with these π orbitals serve as a medium for charge transport.7,8
These materials have demonstrated promise and are now being implemented into industrial
applications (e.g., organic photovoltaic devices (OPVs), and organic light-emitting diodes).10,11
Herein, we present a new class of carbon-based chemistries by which we can develop electricallyactive materials.
Radical polymers are macromolecules bearing pendant stabilized radicals which can
undergo oxidation-reduction (redox) reactions (Figure 2.1). This redox capability has been
demonstrated in electrolytic environments for secondary battery applications.1,13–16,18 In these
applications, redox kinetics of the electrodes govern the shuttling speed of counter ions during
charge/discharge of the battery. Radical polymers have demonstrated very rapid redox kinetics,
with a heterogeneous rate constant on the order of 10-1 cm s-1,13,17,18 and these kinetics have since
been demonstrated to enable charge transport in the solid state.1,19–21,23,36,37 Metrics including
conductivity and hole mobility have been reported,19–21,23,37 as well as successful applications in
OPVs and memory devices.38–40 A model radical polymer, poly(2,2,6,6-tetramethylpiperidinyloxy
methacrylate) (PTMA), was found to exhibit electrical conductivity and hole mobility on par with
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that of first generation conjugated polymers.19,21 Radical polymers additionally have demonstrated
good air stability, as well as facile and readily scalable synthetic routes.23,36,40 These results
prompted further investigation into the structure-performance relationships of these materials,
such that next generation materials could be developed in a guided manner.

Figure 2.1 Cartoon of radical polymer chains with pendant radical sites designated as colored
spheres. Charge can be transferred between radicals through an oxidation-reduction reaction. This
transfer takes place indiscriminantly, in both an inter- and intra-chain manner.
Initial hypotheses predicted that, for a redox reaction, temperature could be a handle by
which to improve electrical performance of radical polymers. However, the hole mobility of
PTMA was found to demonstrate a weak dependence on temperature (Figure 2.2), suggesting that
thermal energy was not the rate-limiting step in augmenting communication among radicals and
their ability to conduct charge macroscopically.21 Rather, the proximity of radicals was concluded
to be of greater import in improving communication among radicals.
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Figure 2.2 Hole mobility of PTMA depends weakly on temperature, suggesting that temperature
is not the rate-limiting step in improving electrical performance in radical polymer systems.21
With this in mind, efforts focused next on increasing radical concentration and their
proximity. The radical functionality of PTMA is imparted during an oxidation step and typically
yields ~70% radical functionality. By characterizing the electrical conductivity of PTMA as a
function of the extent of this oxidation reaction (and resultant radical content), a first pass was
made at establishing the relationship between proximity of pendant radicals and their ability to
communicate. It was found that as radical content increased, electrical conductivity also increased,
however, as the extent of the oxidation reaction increased, radicals started to become oxidized to
cation species (Figure 2.3).20 This formation of competing cation species clouds any conclusions
on the direct relationship between proximity of the nitroxide radical and conductivity.
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Figure 2.3 As PTMA radical content increased through prolonged oxidation, electrical
conductivity also increased. However, once oxidation resulted in the formation of a competing
cation species, conductivity decreased.20
Similarly, addition of small molecule cation dopants was found to improve electrical
performance of PTMA, but at high dopant loadings conductivity decreased due to issues in film
quality.37 As such, conclusions about the relationship between inter-site distance of neat radicals
and electrical conductivity are still lacking. This motivated interest in the poly(2,3-bis(2’,2’,6’,6’tetramethylpiperidinyl-N-oxyl-4’-oxycarbonyl)-5-norbornene) (PTNB) system, for which a higher
starting radical content can be achieved without the presence of small molecule cations.

Radical Density as a Synthetic Handle in the PTNB System
This section is a summary of work published in Chapter 3 of the M.S. Thesis written by Martha E.
Hay entitled Design of Nitroxide-Based Radical Polymer Materials for Electronic Applications,
2016.22 Its purpose is to provide context to new data presented in Chapter 3.
In order to elucidate the relationship between proximity of radicals and electrical
conductivity, the impact of radical loading on electrical conductivity in the PTNB system was
examined.

Specifically,

the

electrically-active

polymer

poly(2,3-bis(2’,2’,6’,6’-
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tetramethylpiperidinyl-N-oxyl-4’-oxycarbonyl)-5-norbornene) (PTNB) and its electricallyinsulating analogue poly(2,3-bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-hydroxyl-4’-oxycarbonyl)5-norbornene) (PTNB-OH) were synthesized according to the scheme in Figure 2.4. In this scheme,
two 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) units are attached to a norbornene backbone
to

impart

the

nitroxide

radical

functionality

of

the

monomer

2,3-bis(2’,2’,6’,6’-

tetramethylpiperidinyl-N-oxyl-4’-oxycarbonyl)-5-norbornene) (TNB). This monomer is then
polymerized via ring-opening metathesis polymerization (ROMP) in a controlled manner to yield
PTNB, which can be quenched to PTNB-OH via ascorbic acid (i.e., Vitamin C). The synthesis
procedure for TNB and PTNB was modified slightly from the literature-reported synthesis,14 while
the quenching reaction was modeled after systems utilizing this radical quenching reaction as a
means for detection of vitamin C.41,42

Figure 2.4 Synthetic Scheme for a conducting radical polymer PTNB and its insulating analogue
PTNB-OH.
The functional PTNB possessed a radical content of 94% (where 100% would be defined
as every repeat unit possessing two nitroxide radical moieties), while the quenched PTNB-OH
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possessed a radical content of 6%. These materials were blended together in solution at target
ratios prior to casting films, in an effort to modulate the radical content of the films. A blend
comprised of equal parts PTNB and PTNB-OH, for example, would be defined as having only 50%
radical loading (Figure 2.5).

Figure 2.5 Schematic for the blending system of two homopolymers, PTNB and PTNB-OH. The
total loading of radicals is governed by blending at target ratios a homopolymer of 94% radical
content (i.e., 94% of pendant sites possess the nitroxide radical functionality, as compared to the
quenched N-OH functionality) with a quenched homopolymer.
Electron paramagnetic resonance (EPR) spectroscopy is used to detect for paramagnetic
centers (e.g., nitroxide radicals) in these blends, and to confirm that blending in PTNB-OH does
systematically decrease the radical content of these blends. Additionally, the concentration of
radicals is quantified by comparing the intensity of the blend EPR signals to that of a known
TEMPO standard (Figure 2.6).
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Figure 2.6 Radical content of PTNB / PTNB-OH polymer blends is quantified through the use of
EPR (a) EPR signals are reported for a range of target radical loadings. (b) Radical content of
polymer blends is quantified by comparing integrated signals to that of a known small molecule
hydroxy-TEMPO standard.22
EPR confirm that the radical concentration can be controlled through this blend method.
Subsequently, the electrical conductivity of the blends cast as thin (~1 μm thick) films is measured,
and the electrical conductivity depends strongly on the blended radical content (Figure 2.7). Below
a threshold loading, the polymer blend switches from a conducting to an insulating behavior.
Additionally, the conductivity depends exponentially on the loading of radical sites. This trend
differs vastly from the established behaviors of conjugated polymers, wherein increasing the
loading of conjugated materials in a blend with insulating materials (e.g., polystyrene, poly(methyl
methacrylate) above a threshold percolation network does not yield significant improvements in
electrical performance.43,44 This result suggests then that radical polymers operate via a different
mechanism than their conjugated counterpart.
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Figure 2.7 Electrical conductivity decreases as radical content is decreased (through increased
loading of the insulating PTNB-OH). (inset) A log-lin representation of the data shows a linear fit
for an exponential decay model.
The impact of temperature on electrical conductivity is next considered, and found to
exhibit a negligible impact (Figure 2.8). This temperature-independent behavior has been seen
previously for PTMA,21,37 another high Tg radical polymer system. This, coupled with the
exponential model relating conductivity to radical loading could be in agreement with the tenants
of quantum tunneling as a mechanism for solid-state charge transport in radical polymers.45
Additionally, this would be consistent with redox-active materials in biological environments.24–
26,46

However, the tunneling mechanism is often confirmed through an exponential decay model

that depends on proximity between sites, or their average inter-site distance.32,45 As such, before
asserting quantum tunneling as a proposed mechanism, it must be confirmed that the average intersite distance of radicals scales directly with radical loading in the PTNB/ PTNB-OH blend system.
For instance, blending of the PTNB and PTNB-OH homopolymers could result in pockets of
heterogeneity, thereby voiding the claim that radical inter-site spacing scales with radical loading.
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To hypothesize quantum tunneling over a percolation network model, it is imperative to confirm
the relationship between radical loading and radical proximity in the PTNB / PTNB-OH system.

Figure 2.8 Radical polymers exhibit temperature-independent electrical performance.22 For two
different blends, electrical conductivity remains within an order of magnitude range, over a large
temperature range. This is consistent with temperature-independent behavior previously observed
for the PTMA system.21,37
Conclusions
Structure-performance relationships have begun to be established for radical polymer
materials. Initial studies demonstrated radical polymers to perform on par with first generation
conjugated polymers (e.g., poly(3-hexylthiophene),19 and next generation radical polymer
materials can be developed in a guided manner as synthetic handles are established for augmenting
communication between radical sites. It has been demonstrated that thermal energy does not
significantly improve the ability of these radicals to communicate. Rather, the physical proximity
is predicted to be the rate-limiting step in improved electrical performance. As radical loading is
decreased in the PTNB / PTNB-OH blend system, electrical conductivity decays exponentially.
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However, a relationship has not been confirmed between this radical loading and radical inter-site
distance. And this must be investigated to support the proposed claim of quantum tunneling as a
mechanism for charge transport of radical polymers in the solid state.
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CHAPTER 3.
NEW INSIGHTS FOR RADICAL POLYMER CHARGE
TRANSPORT THROUGH EPR SPECTROSCOPY

Content from this chapter has been reprinted with permission from:

M. E. Hay, S.-H. Wong, S. Mukherjee, B. W. Boudouris, Journal of Polymer Science, Part B:
Polymer Physics, 2017, 55, 1516 – 1525.
Copyright 2018 John Wiley & Sons, Inc.

Introduction
In the previous chapter, a blend ratio in solution between an electrically-active homopolymer
PTNB and its quenched and electrically-insulating analogue PTNB-OH, is used to control the
concentration of radicals in polymer thin films. This radical concentration directly governs the
electrical conductivity of the films, as conductivity depends exponentially on the loading of
radicals within the blend (Figure 2.7). This result coupled with temperature-independence (Figure
2.8) suggests quantum tunneling as a possible underlying mechanism for solid-state charge
transport in radical polymers.32,45 However, these results, while confirming the importance of
radical concentration in the bulk, do not confirm anything about the distribution of these radicals
(i.e., whether they are clustered in pockets or homogeneously distributed throughout the film). The
Schrodinger equation and its derived form for quantum tunneling describe the probability of a
charge being able to exist in a space some distance away, d, from inside its starting energetic state
or “box.” The probability of transmission of a charge across a barrier depends exponentially on
the width of said barrier, as observed in tunneling microscopy.32 In the radical polymer system,
this would translate to conductivity depending exponentially on the inter-site distance of radicals.
As such, prior to postulating a mechanism, it is necessary to establish a relationship between

15
radical loading and the inter-site distance of radicals in the PTNB / PTNB-OH system. This is
accomplished through the use of electron paramagnetic resonance (EPR) spectroscopy.

Experimental Methods
General Methods
Room temperature EPR spectroscopy samples were dissolved in THF at a concentration of
2 mg mL-1, with 0.15 mL of solution placed in the EPR sample tubes, and a Bruker EPR-EMX
spectrometer was used to collect the spectroscopic data. Blend samples for the control system that
combined PTNB with poly(methyl methacrylate) (PMMA) were also prepared at these conditions.
The PMMA had a weight-average molecular weight of 15 kg mol-1, as determined by size
exclusion chromatography (SEC) against polystyrene (PS) standards (vide infra). For lower radical
content blends, the magnetic field was swept with a gain of 100 and a power of 10 mW. The higher
radical content blends and the 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO-OH)
standard were acquired with the gain and power set at 71 and 5 mW, respectively. The output first
derivative signals were integrated twice, and the signal intensity was then compared with that of a
TEMPO-OH standard of known radical composition. This allowed for the radical content to be
quantified for the blended systems by using a comparison of the integrated intensity values of the
blended samples to the TEMPO-OH standard.

Results and Discussion
In Chapter 2, EPR spectroscopy was discussed as a method by which radical content can be
confirmed quantitatively. Herein, the qualitative changes in EPR signals are used to shed light on
the distribution of radicals among their polymer backbones. Literature shows that a hydrogen atom
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can tunnel from an N-OH terminus (functionality of PTNB-OH) to a nitroxide radical
(functionality of PTNB),47–50 such that the radical transfers from one pendant terminus to another.
In this way, radicals are not fixed to their starting pendant site. As such, it is hypothesized that if
PTNB and PTNB-OH are blended in solution, it would result in the exchange of hydrogen atom
radicals from the PTNB-OH chains to the PTNB chains. This, in turn, would create a solution
composed of copolymers containing both open-shell and closed-shell repeat units (Figure 3.1).

Figure 3.1 (a) Schematic illustrating the HAT (that occurs from the hydroxylamine to the nitroxide
radical) between the PTNB and PTNB-OH homopolymers that enable the redistribution of radicals
among polymer chains. The reaction is an equilibrium reaction and ensures the average intra-chain
distance of radical sites increases as the PTNB-OH loading is increased. (b) PMMA is not redoxactive. As such, there is no exchange of atoms or radical functionality between the starting
homopolymers.
EPR spectroscopy, wherein paramagnetic centers respond to an applied magnetic field, is
used to confirm this resultant copolymer system (Figure 3.2). For the nitroxide radical, a
characteristic 3-peak splitting pattern is observed for the small molecule system of hydroxyTEMPO (Figure 3.2a).51 When the radicals are close in proximity and restricted in motion, due to
being tethered along a polymer backbone, the result is a high amount of spin interaction among
radicals. A high degree of spin-exchange results in broadening of the three prominent nitroxide
peaks,52 which, in the case of PTNB, converge to form a single Lorentzian curve53 (Figure 3.2b).
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When the PTNB sample is diluted with the non-interacting polymer poly(methyl methacrylate)
(PMMA), it is expected that this dilution would yield a decrease in the signal intensity; however,
the radicals among the PTNB backbones are still engaging in spin exchange, and thus the EPR
signal should maintain the Lorentzian style response (Figure 3.2c). Conversely, when PTNB is
diluted with PTNB-OH, the signal dilution is observed, but also some hyperfine splitting
characteristic of the small molecule system appears. This suggest that these radicals are no longer
engaging in enough spin exchange for the peaks to broaden from hyperfine splitting to Lorentzian
curves (Figure 3.2d).

Figure 3.2 Schematics for samples and their corresponding EPR signals. (a) The small molecule
TEMPO-OH demonstrates a 3-peak hyperfine splitting pattern, characteristic of the nitroxide
radical. It is worth noting that the radicals are freely tumbling in solution, not in close proximity
with each other (i.e., non-interacting). (b) PTNB possesses the same nitroxide radical, but its EPR
response shows that the peaks of the small molecule have broadened into a single Lorentzian peak.
This is due to interactions between the close-proximity, tethered radicals along the polymer
backbones. (c) When PTNB is diluted with PMMA, the EPR signal intensity decreases, as
expected for a dilution. (d) When PTNB is diluted with PTNB-OH, the signal intensity decreases,
however, hyperfine splitting re-emerges. This suggests, then, that the radicals are no longer
tethered in close proximity, but rather, have exchanged sites (through hydrogen atom tunneling),
as depicted.
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To confirm this phenomenon, two EPR experiments were compared. In the first, PMMA
was used (Figure 3.3a), and as described above, PMMA did not interfere with the Lorentzian nature
of the curve over the full range of loadings. In other words, the radicals continue to engage in spinexchange even for very low radical contents. This suggests that the radicals still see other neighbor
radicals on their polymer chains. In the second experiment, presented in Chapter 2, PTNB-OH was
used as the diluent (Figure 3.3b). As larger amounts of PTNB-OH were added to the blending
solution, the radical content of the blend was lowered; thus, a decrease in the signal intensity was
observed, as with the PMMA system. However, the emergence of hyperfine splitting was observed
as the radical content dropped below a certain threshold, resembling the response signature to the
small molecule system (Figure 3.2a). That is, for PTNB-41 and lower radical contents, the radicals
are no longer constrained within close proximity to engage in spin exchange. This can be explained
through the HAT mechanism described above. The hydrogen radical atoms from PTNB-OH
pendant sites are able to transfer to nitroxide radical pendant sites of PTNB, thus creating a
copolymer system of redistributed radical sites. That is, if 1 chain of PTNB were blended with 1
chain of PTNB-OH, due to this HAT, the net result should be 2 chains each comprised of 50%
radical content and 50% quenched -OH units.
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Figure 3.3 (a) EPR signals for a control blend system of PTNB and PMMA. The PMMA dilutes
the radical signal; however, the radicals are still fixed within close proximity of each other, which
is why Lorentzian behavior is still observed for the PTNB PMMA blend system.(b) Literature
(Figure 2.4a) shows that, by comparison, for the PTNB / PTNB-OH blend system, hyperfine
splitting emerges below a certain radical loading. This is due to a HAT and fewer radicals being
restricted in close spatial proximity.
The presence of hyperfine splitting in the PTNB/ PTNB-OH blend system can be attributed
to radical sites that are not interacting or participating in spin-exchange (i.e., they are not within
close proximity and/or localized, restricted in motion, or tethered to a polymer backbone). In other
words, the appearance of hyperfine splitting when PTNB is mixed with PTNB-OH in solution
confirms that radicals are not necessarily fixed along the same macromolecular backbone upon
which they were originally synthesized.
This can only be explained by a redistribution of radical sites among the PTNB and PTNBOH polymer chains. Specifically, the appearance of this hyperfine splitting confirms the HAT
reaction (Figure 3.1). The proposed HAT reaction between nitroxide radicals and hydroxylamine
sites enables the redistribution of radicals among polymer chains. In turn, this yields copolymers
from a starting system of two homopolymers. This is critical to ensure a uniform distribution of
radical sites in solution prior to casting of films. As such, it is crucial to confirm that the exchange
occurs on a time scale that is shorter than that used for stirring the solutions before casting the
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solutions into thin films. This was evaluated by analyzing the hyperfine splitting observed in the
EPR spectroscopy data (Figure 3.3), for which solutions were given less than an hour to equilibrate.
For casting of thin films, we exceeded this time to ensure proper mixing and homogeneous
distribution of radicals. In fact, the HAT reaction between nitroxide radical and hydroxylamine
sites has previously been studied for the small molecules of 2,2,6,6-tetramethyl-4-oxo-piperidine1-oxyl

(4-oxo-TEMPO)

radical

and

2,2,6,6-tetramethyl-4-hydroxy-4-methoxy-piperidine

(TEMPO-H).46 The forward reaction has a rate constant of k = 10 M-1 s-1 at 298 K in acetonitrile
and the change in species is observed to proceed on a timescale of ~5 s. This ensures that the
exchange occurs readily in solution before casting of thin films, as also confirmed through EPR
spectroscopy of our solutions.
In the context of this work, the established equilibrium between nitroxide and
hydroxylamine sites means that there is a homogeneous distribution of open-shell and closed-shell
moieties within the polymer blend system, irrespective of the composition of the original polymers
that were blended into solution. This homogeneous distribution of radicals must then translate into
an increase in the average site-to-site distance of radicals as the PTNB fraction of our blends is
increased. Additionally, this indicates that only a single type of polymer chain is present when the
macromolecules are cast as thin films. As such, there is little possibility of phase separation
occurring within the conducting radical polymer thin films.

Conclusions
When the two PTNB and PTNB-OH macromolecules were blended in solution a hydrogen
atom transfer event occurred that allowed equilibrium to exist such that copolymers of the openshell and closed-shell repeat units existed on the same macromolecular chains. The resultant
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homogeneous distribution of radical sites among polymer chains lead to an average increased
distance between redox-active locations as the amount of PTNB-OH added to the solutions was
increased. The results from Chapter 2, which concluded that electrical conductivity depends
exponentially on radical loading, can now be extended, in light of this new insight, to conclude
that electrical conductivity decays exponentially as a function of increasing radical inter-site
distance. This allows us to propose quantum tunneling as a mechanism for solid-state transport in
radical polymers, while ruling out percolation network as the rate-limiting step in communication
between radicals. This confirms that radical polymers are governed by a new paradigm, and also
that there is no limit to improved electrical conductivity, provided that radicals can be moved
closer together.
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CHAPTER 4.
RADICAL
MATERIALS

POLYMERS

AS

STIMULI-RESPONSIVE

Introduction
Results from Chapter 2 and 3 of this thesis demonstrate that the redox capabilities of radical
polymers can be utilized to conduct charge in the solid state. Next, these redox properties
(specifically the oxidation reaction) are considered as a means to induce a conformational change
in radical polymers (i.e., swelling or de-swelling as a function of oxidation state), such that they
could be utilized as stimuli-responsive materials. Herein, radical polymer brushes are grafted to
silicon dioxide (SiO2) nanoparticles as a medium by which this stimuli-responsive capability can
be probed. SiO2 particles offer a good platform as they can readily self-assemble into ordered
arrays, the optical properties of which can be governed by particle size and lattice spacing. By
imparting a stimuli-responsive functionality to these particles, a handle is developed by which to
manipulate the optical properties of these arrays. Specifically, polymer brushes can be grafted to
these particles to probe their stimuli-responsive capabilities in photonic sensing applications. We
successfully demonstrate the synthesis of these grafted radical polymer brushes and lay the
groundwork for how their stimuli-responsive characterization can be carried out.

Background
SiO2 particles are colloidal particles which, from a suspension, can self-assemble into
ordered arrays. These ordered arrays, which are found to occur in nature (e.g., the opal gemstone)
have repeating lattices with spacing parameter d. Depending on the spacing value, bandstops are
formed where certain wavelengths of light do not pass through. This has led to incorporation into
photonic crystal applications, where the lattice spacing is used to govern optical properties. For
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sensing applications, lattice spacing is manipulated in response to a stimulus to induce changes in
optical properties.54,55 Conversely, stimuli-responsive behavior can be ascertained by observing
whether optical changes are realized when the stimulus is applied. Herein, we covalently graft
radical polymer brushes to SiO2 particles. Neat SiO2 particles readily self-assemble, and we
propose self-assembling the SiO2 particles with this new surface radical functionality. If these
polymer brushes are oxidized, such that nitroxide radicals are converted to oxoammonium cations,
then the cations would be expected to repel each other, thus resulting in swollen polymer brushes
(Figure 4.1). If swelling of these brushes is induced, then the d spacing of a self-assembled system
would also be expected to change, thus changing the bandstop as well.

Figure 4.1 Scheme for swelling of grafted polymer brushes via oxidation. Upon oxidation of the
nitroxide radical to the oxoammonium cation, repulsion of cations combined with influx of counter
ions should induce swelling of grafted polymer brushes.
In an effort to explore this capability, radical polymer brushes are first grafted from the
surface of SiO2 particles. Next, the impact of the oxidation reaction on the conformation of the
polymer brushes needs to be confirmed (i.e., does the presence of cations in fact induce swelling
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and conformational change) (Figure 4.1). If this can be confirmed, then once self-assembled in the
solid state, these polymer-laden particles should have the capability of serving as redox-responsive
sensors: by applying a bias (oxidation), a shift in the d spacing and thus a shift in the optical
bandstop should be observed.

Experimental Methods
4.3.1 Materials
All materials were purchased from Sigma Aldrich unless otherwise indicated. SiO2
particles were purchased from Polysciences as a 10 wt% solids suspension in water. [11-(2-bromo2-methyl)propionyloxy]undecyltrichlorosilane was purchased from Gelest.
4.3.2 General Methods
Ultraviolet–Visible (UV-Vis) light absorption spectroscopy data were acquired on a Cary
60 spectrometer over a wavelength range of 300 ≤ λ ≤ 800 nm. Glass substrates with self-assembled
particles were placed in the path of the beam and the substrates were rotated to change in
diffraction based on orientation relative to the observer. Room temperature electron paramagnetic
resonance (EPR) spectroscopy samples were prepared in THF at a concentration of 10 mg mL-1
with 0.15 mL of solution placed in the EPR sample tubes, and a Bruker EPR-EMX spectrometer
was used to collect the spectroscopic data. The magnetic field was swept with a gain of 79.6 and
a power of 5 mW. The output first derivative signals were integrated twice, and the signal intensity
was then compared to that of a TEMPO-OH standard of known radical composition. Due to its
high radical content, as compared to the silica particles with polymer brushes, a lower
concentration (2 mg mL-1) afforded a signal for the TEMPO-OH standard. The radical content was
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quantified by utilizing a comparison of the integrated intensity values of the particles to the
TEMPO-OH standard. A TA SDT Q600 instrument was used for thermal gravimetric analysis of
the polymers. The powders were loaded into a crucible and kept under ambient conditions, and
they were heated from room temperature, at a rate of 10 °C min-1, to a final temperature of 1000
°C. The morphology of the SiO2 particles was examined using a Hitachi S-4800 field emission (FE)
scanning electron microscope (SEM, Hitachi High-Technologies Corporation., Tokyo, Japan) with
accelerating voltage (15 kV) at a working distance of 6.3mm. The particles were gold coated with
the Spi Sputterer Coater (thickness ≈ 10 nm), prior to microscopy analysis. Self-assembly of SiO2
particles was achieved through solvent-induced self-assembly. SiO2 was dispersed in anhydrous
ethanol at concentrations ranging from 2 – 10 weight percent by sonicating for 1 h in a Branson
2510 sonicator. Glass substrates were cleaned in a series of solvent washes (acetone, chloroform,
isopropyl alcohol) in a Branson 2510 sonicator for 10 min each, then dried with a nitrogen gun.
Next, these substrates were propped up vertically in the vials of SiO2 suspensions, such that the
solvent level was not over the top of the glass slide. The vials were left uncovered such that the
solvent could evaporate over a period of 48 hrs, during which time, particles deposited upon the
glass substrate.
4.3.3 Synthesis of SiO2-Grafted Polymer Brushes
SiO2 particles were purchased from Polysciences as a 10wt % solids suspension in water.
Water was removed through centrifugation, and the particles were subsequently washed in ethanol
and isolated via centrifugation before drying in vacuo overnight. [11-(2-Bromo-2methyl)propionyloxy]undecyltrichlorosilane (BMPTS) was used to covalently graft bromine end
groups to hydroxyl groups on the surface of the SiO2 particles. BMPTS was purchased from Gelest
and, in an air-free glovebox, was diluted in anhydrous toluene to a concentration of 40 mM. SiO2
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particles were added at a 2% solids fraction and the solution was stirred overnight (16 h) at 60°C.
The particles with the grafted silane agent, SiO2–I0, were isolated through centrifugation and
washed in a 2:1 mixture of toluene:pentane and again isolated through centrifugation, and dried in
vacuo overnight. With the bromine end groups as the initiator, poly(2,2,6,6-tetramethyl-4piperidinyl methacrylate) (PTMPM) was polymerized as brushes off of the SiO2–I0 particles via
atom-transfer radical polymerization (ATRP). To achieve this, SiO2–I0 particles were added to
anhydrous tetrahydrofuran (17.5 mL) at a 2% solids fraction. PMDETA (0.0721 mmol), and
TMPM (24.5 mmol) were added, and the solution was degassed through three freeze-pump-thaw
cycles, before CuBr (0.0728 mmol) was added under an argon purge. Three more freeze-pumpthaw cycles were performed before refilling with argon and stirring at 60°C overnight. The SiO2
particles with grafted polymer brushes, SiO2-PTMPM, were collected through centrifugation,
washed with tetrahydrofuran, centrifuged, washed with water, and isolated before drying in vacuo.
PTMPM brushes were next oxidized to (PTMA). SiO2-PTMPM particles were dispersed in 7 mL
anhydrous dichloromethane (DCM) at a 2% solids fraction, while separately 3-chloroperbenzoic
acid (mCPBA) (0.435 mmol) was dissolved in 5 mL anhydrous dichloromethane. The acid solution
was added to the particles and the mixture was stirred for 3 h at room temperature. Next, this
solution was centrifuged to remove DCM and the particles were washed with aqueous sodium
carbonate (20 wt %) before centrifuging again to isolate the particles. Particles were rinsed with
deionized water and then again with DCM before centrifuged and drying in vacuo overnight. This
synthesis was adapted from the literature.56
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Figure 4.2 Synthetic scheme for covalent grafting of PTMA brushes to SiO2 nanoparticles. A
bromine-terminated silane agent is covalently grafted at surface defects (-OH sites) and is the
handle for ATRP of PTMPM. The non-functional PTMPM is oxidized using mCPBA to PTMA,
which possesses the nitroxide radical functionality.
Results and Discussion
Thermal gravimetric analysis (TGA) was used to record mass loss as a function of increasing
temperature. SiO2 is thermally stable up to temperatures above 1000 °C. As such, any mass loss
seen in the TGA traces is attributed to content covalently attached to the particles. By comparing
the TGA results of starting and intermediate products, the change in degradable mass is attributed
to the presence of grafted materials (Figure 4.3).
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Figure 4.3 TGA shows an increase in the percent composition of degradable sample content.
Because SiO2 is thermally stable above 1000 °C, this mass loss can be attributed to the presence
of grafted materials. As intermediate synthesis steps were performed, the increase in degradable
mass loss percentage could be translated to a mass percentage of attached initiator, polymer brush
PTMPM, and the final radical polymer brush PTMA.
Figure 4.3 shows that for 100 mg of SiO2-I0, 3.5 mg are from the initiator. After
polymerizing PTMPM, 0.8 mg for 100 mg SiO2-PTMPM are attributed to the PTMPM polymer
brush. The final oxidation step of PTMPM to PTMA is confirmed by electron paramagnetic
resonance (EPR) spectroscopy (Figure 4.4). The oxidation step for converting PTMPM to PTMA
via mCPBA commonly achieves about 70% radical functionality. As discussed in chapter 3,
paramagnetic centers (i.e., lone pairs of electrons) respond to the magnetic field in EPR. Figure
4.4 illustrates that the starting SiO2 sample does not have a paramagnetic response, but the SiO2PTMA sample does have a response. This response is compared to that of a known TEMPO-OH
standard to calculate a radical content of 0.34 % PTMA by mass.
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Figure 4.4 EPR confirms the presence of the nitroxide radical functionality on the SiO2 particles.
The response signal is compared to that of a known TEMPO-OH standard to calculate the radical
content of the particles.
A change in the particle diameter as well as the particle surface morphology is confirmed
through scanning electron microscopy (SEM), and this is attributed to the attached polymer
brushes (Figure 4.5). Dynamic light scattering (DLS) is used to quantitatively confirm a change in
the diameter of the particles. Diameter measurements of the SiO2 particles compared well with the
manufacturer’s specifications, at 300nm. Over the course of multiple samplings of the SiO2-PTMA
particles, however, a wide range of diameters was measured, from 300 up to 500 nm, suggesting
a high dispersity of the polymer brush molecular weight.
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Figure 4.5 SEM of SiO2 particles before and after grafting with PTMA brushes. The diameter of
the particles increases as well as the particle surface topography. This is attributed to the presence
of grafted PTMA brushes.
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Self-assembly of neat SiO2 particles is next established prior to testing the SiO2-PTMA
particles. Figure 4.6 shows that the optical diffraction of blue and red can be achieved by rotating
the SiO2 substrate relative to the observer.

Figure 4.6 When SiO2 particles are self-assembled, their lattice network results in optical
diffraction, as seen both visually and through UV-vis spectroscopy.
While the neat SiO2 particles readily self-assembled, SiO2-PTMA particles did not (Figure
4.7). This is attributed to the high dispersity observed in DLS prohibiting the particles from
achieving an ordered lattice structure.

Figure 4.7 SiO2-PTMA particles do not readily self-assemble into Bragg-diffracting substrates.
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Conclusions and Future Work
Covalent grafting of PTMA brushes to the surface of SiO2 particles is confirmed through the
use of TGA, EPR, DLS and SEM. However, due to the high dispersity observed in DLS, the SiO2PTMA particles do not self-assemble. The following next steps should be taken to confirm the
redox-responsiveness of these materials, and to probe their capabilities as stimuli-responsive
materials.
4.5.1 Oxidation of Polymer Brushes in Solution
It has previously been confirmed that cations can exchange with radicals in the
TEMPOnium and PTMA system. When PTMA is blended in solution with TEMPOnium and then
re-precipitated, the PTMA shows some splitting in its EPR signal.37 This suggests (as discussed in
Chapter 3) that, after having been exposed to TEMPOnium, not as many radicals are present in
close proximity along the polymer backbone to engage in spin exchange. This is due to some of
the pendant sites possessing cations after this interaction. Effectively, with enough TEMPOnium
present, the radicals of a polymer chain can be oxidized to cations and a poly(TEMPOnium)
species.
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Figure 4.8 PTMA reprecipitated after exposure to TEMPOnium demonstrates elements of
hyperfine splitting. This suggests that the radicals along the polymer chains do not have a
continuous network, due to the presence of cations along the backbone. In other words, cations
and radicals can undergo an exchange of charge in solution. Figure from Reference.37
4.5.2 Approximations for Oxidized Polymer Brush Swelling
Brush swelling due to oxidation should be observable in DLS based on an approximated
end-to-end distance of the polymer chains. Specifically, the average end-to-end distance, Rn, is
related to the radius of gyration, Rg, using Equation 1 and 2 for and ideal chain and rigid rod,
respectively. The radius of gyration is approximated using Equations 3 and 4 for an ideal chain
and a rigid rod, respectively. The nitroxide radical polymer brushes are assumed to have an ideal
chain conformation, while the oxidized cation brushes would repel each other and approach the
rigid rod formation. By calculating Rn for both the radical and oxidized states, or the ideal chain
and rigid rod, respectively, the predicted change in Rn of the brushes follows Equation 5. The
change in the particle’s effective diameter can then be calculated as twice the change in Rn
(Equation 6). The Kuhn length is approximated with a literature value for PMMA of b = 15 Å, and
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the number of repeat units, N, is estimated at an average of 11.2, based on TGA results. Kuhn
length and equations cited from Reference.57

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1) 𝑅𝑛2 = 6 ∗ 𝑅𝑔2 (𝑖𝑑𝑒𝑎𝑙)
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2) 𝑅𝑛2 = 12 ∗ 𝑅𝑔2 (𝑟𝑖𝑔𝑖𝑑 𝑟𝑜𝑑)
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3) < 𝑅𝑔2 > =
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4) < 𝑅𝑔2 > =
0.5

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5) ∆𝑅𝑛 = (12 ∗ 𝑅𝑔2 (𝑟𝑖𝑔𝑖𝑑))

𝑏2 ∗ 𝑁
(𝑖𝑑𝑒𝑎𝑙)
6

𝑏2 ∗ 𝑁 2
(𝑟𝑖𝑔𝑖𝑑 𝑟𝑜𝑑)
12
0.5

− (6 ∗ 𝑅𝑔2 (𝑖𝑑𝑒𝑎𝑙))

= 𝑏 ∗ (𝑁 − 𝑁 0.5 )

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6) ∆𝐷𝑒𝑓𝑓 = 2 ∗ 𝑅𝑛 = 2 ∗ 𝑏 ∗ (𝑁 − 𝑁 0.5 )
4.5.3 Preliminary Results
For the scenario described above, with relatively short polymer brushes the change in endto-end distance should be approximately 240 Å, or 24.0 nm, which could be observed using DLS.
This change could be further magnified in future iterations by increasing the number of polymer
repeat units, N. Adding TEMPOnium to SiO2-PTMA particles in solution, however, did not yield
a clean trend of increasing effective diameter (Figure 4.9). Concerns about the high dispersity of
the brushes (as discussed above) coupled with a low number of repeat units warrant further
investigation into this experiment.
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Figure 4.9 Addition of TEMPOnium to SiO2-PTMA particles may result in an increase in particle
diameter due to brush swelling.
4.5.4 Controlling Molecular Weight Dispersity of SiO2-PTMA Brushes
The mass content of the polymer brushes is known from TGA, but the dispersity could be
quantified by characterizing the polymer molecular weight. This can be achieved by polymerizing
non-grafted polymer brushes in the same reaction vessel while polymerizing the grafted brushes
(Figure 4.8). Next, the non-grafted brushes can be isolated and precipitated and characterized
through size exclusion chromatography (SEC). The dispersity and extent of polymerization can
more easily be improved once they are quantified. Subsequent to achieving a low dispersity and
high molecular weight of the brushes, oxidation should be more readily observed via DLS, and
self-assembly of the SiO2-PTMA particles could be achieved in a more facile manner.
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Figure 4.10 By adding in methyl isobutyrate during ATRP of TMPM, we can grow grafted and
non-grafted PTMPM simultaneously of comparable molecular weights. After isolating the nongrafted PTMPM, its molecular weight can be characterized to approximate the molecular weight
of the grafted brushes.
Summary
PTMA brushes have been successfully grafted to SiO2 particles. Through oxidation via
interaction with TEMPOnium in solution, brush swelling (the fundamental handle for redox
stimuli-responsiveness) could be monitored through DLS. Once confirmed that the polymer
brushes swell when oxidized, this phenomenon is expected to carry over to a hydrogel environment.
As done with the SiO2 particles, it is proposed to self-assemble the SiO2-PTMA particles. Once
integrated into a hydrogel, the brushes could be oxidized through cyclic voltammetry. And in this
scenario, the swelling should impact the Bragg spacing d between particles, and thus would impact
the bandstop and a color change would be induced. First, however, the dispersity of the polymer
brushes must be improved, as this should lend to a more facile self-assembly process. Subsequent
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to this, the solid-state stimuli-responsiveness of the grafted polymer brushes could be probed by
oxidizing the SiO2-PTMA particles incorporated into a hydrogel.
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CHAPTER 5.
SINGLE CRYSTALS TO ESTABLISH
PERFORMANCE OF TEMPO-BASED MATERIALS

CEILING

Introduction
As seen in Chapter 2, solid-state conductivity of PTNB approaches 10-4 S cm-1 for a radical
content of 94%. Compared to the small molecule structure of hydroxy-TEMPO, PTNB possesses
a much higher molecular weight per radical unit (Figure 5.1 inset). If the conductivity data from
Chapter 2 is extrapolated based on percent mass of TEMPO, it is predicted that the conductivity
could increase by another order or two of magnitude by moving to the TEMPO-OH system (Figure
5.1). Characterizing this small molecule could establish the ceiling performance of TEMPO-based
materials.

Figure 5.1 Predicted conductivity of the small molecule hydroxy-TEMPO based on radical per
mass data extrapolated from the PTNB system.
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Isolating TEMPO Single Crystals
TEMPO crystals are isolated through solvent diffusion (Figure 5.2). Hydroxy-TEMPO is
dissolved in chloroform as a saturated solution within a small vial. This vial is kept un-capped and
is placed within a beaker filled with hexanes as a non-solvent; this beaker is covered. Over the
course of several days, the non-solvent diffuses into the solvent, changing the solubility limits of
TEMPO in the new solvent mixture, and TEMPO nucleation sites begin to form. Over time, these
nuclei continue to grow into single crystals, which are readily isolated through filtration.

Figure 5.2 TEMPO crystals are isolated through solvent diffusion. Gradual evaporation and
condensation of a non-solvent into a solvent system changes the solubility limits of the solute, such
that it begins to nucleate out as single crystals over time.
Contacts for Crystal Characterization
Single crystals of hydroxy-TEMPO were successfully isolated (Figure 5.3a). However, a
critical constraint when testing single crystals is their brittle nature and fracturing of the crystal
when placed on a device. By moving to a non-rigid substrate, such as poly(dimethyl siloxane)
(PDMS), crystals can be laminated over the top of the device to ensure good contact between the
electrodes and crystal (Figure 5.3b), without compromising the mechanical integrity of the crystal.
However, when gold contacts are deposited atop PDMS via e-beam evaporation or thermal
evaporation, cracks form in the electrodes due to the difference in thermal coefficients of PDMS
and gold.58
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Figure 5.3 (a) TEMPO single crystals are isolated through solvent diffusion. (b) A device structure
based on a non-rigid PDMS substrate is proposed to ensure good contact between the crystal and
electrodes. (c) This device is constructed, however (d) the contacts, as seen under an optical
microscope, contain cracks and cannot be used as electrodes in the proposed device geometry.
Due to cracks forming in electrodes deposited on PDMS via e-beam and thermal
evaporation, another method is proposed of transfer printing gold electrodes. 3mercaptopropyl)trimethoxysilane (MPTMS) was used as a molecular adhesive to transfer gold
electrode contacts from glass substrates to PDMS (Figure 5.4). Glass substrates were cleaned
through a series of solvent washes (acetone, chloroform, isopropyl alcohol) in a Branson 2510
sonicator and dried with a nitrogen gun. In a thermal evaporator, 100 nm gold were deposited
directly on the glass substrates (i.e., without an adhesion layer) through a patterned shadow mask.
The gold contacts were rinsed with ethanol and dried with nitrogen and then spuncoat with (3-
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mercaptopropyl)trimethoxysilane (MPTMS) in ethanol at 1:200 (v:v). Spincoating was performed
at 4000 RPM for 30 s. The substrate was rinsed with ethanol and dried with nitrogen. Next the
glass substrates containing gold with MPTMS self-assembled monolayers were immersed in 0.1
M HCl for 1 h, rinsed with DI water, and dried with nitrogen. The PDMS stamp was next cured
over top of the modified gold electrodes. A 10:1 mixture of Slygard 184 PDMS elastomer to
crosslinker was poured over the top of the electrodes. PDMS was cured under vacuum for 40 min
at room temperature, before curing for 2 h under vacuum at 60 °C. PDMS was allowed to finish
curing at ambient conditions overnight before the PDMS was de-laminated from the glass
substrates. The thiol group of the MPTMS binds to the gold contacts, while its trimethoxysilane
group is incorporated into the siloxane backbone of the PDMS as it cures. Without an adhesion
layer between glass and gold, the gold contacts adhere to the PDMS due to the MPTMS linker,
and remain on the PDMS when it is delaminated from the glass.

Figure 5.4 MPTMS is used as a molecular adhesive to transfer gold electrodes to PDMS substrates.
(a) Gold is immersed in MPTMS solution to yield (b) SAMs of MPTMS attached by a thiol-gold
linkage. (b) Au-MPTMS is immersed in HCl prior to curing PDMS overtop. Procedure from
Reference.58
Removal of the PDMS did yield transfer-printed gold electrodes; however, the transfer was
not 100% clean (i.e., some gold was still left on the glass substrates) (Figure 5.5a). Optical
microscopy demonstrates some cracks in the gold electrodes (Figure 5.5b,c), but the electrodes did
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pull current under an applied voltage for a single pass (i.e., after one pass, the electrodes no longer
read current) (Figure 5.5d). Reproduceable methods for transfer printing more robust contacts need
to be established prior to characterization of the TEMPO single crystal.

Figure 5.5 (a-c) Transfer printing of gold electrodes yields near-full contacts with minor cracks.
(d) Transferred contacts conduct as compared to cracked contacts.
Conclusions
TEMPO crystals have been successfully isolated. Gold electrodes have been transferred to
a PDMS substrate using MPTMS as an adhesion promoter. However, experimental details need to
be ironed out to improve the smoothness of the transferred contacts, such that they will function
as robust electrodes (i.e., pull current under an applied bias for multiple iterations).
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CHAPTER 6.
CONCLUSIONS
RADICAL POLYMERS

AND

FUTURE

OUTLOOK

OF

Overview
In Chapter 3 proximity of radical inter-site distance is established as a design priority in
radical polymer systems. Preliminary work is presented to establish radical functionality as a
stimuli-responsive handle in Chapter 4. In Chapter 5, single crystals offer a method whereby
proximity in radical systems can be further augmented to establish ceiling performance of these
materials when order is introduced through crystallinity. Herein, two additional projects are
proposed to further bolster the knowledge on design rules in radical polymer systems. First, a
method to impart ordering into radical polymer systems is presented and second the use of
humidity to solvate radical polymer thin films is presented. These proposed projects would lend
insight into the impact of ordered structure in a polymer system, as well as the constraint of solid
state on the ability of charge to move through radical polymers.

Impact of Magnetic Alignment on Charge Transport in Radical Polymers
To date, radical polymers characterized in the solid state have been completely amorphous,
and while the role of pendant radical inter-site distance on the ability of sites to communicate has
been explored, this has not been probed through an ordered, non-amorphous, radical polymer
system. Radical polymers operate under a different paradigm than their conjugated counterparts
which rely heavily on ordering and crystallinity, and it has yet to be ascertained the impact of
ordering on solid state radical polymer transport.
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We propose the use of a superconducting quantum interference device (SQUID) to align the
pendant radicals of a polymer sample. The nitroxide radical is a paramagnetic center, that is, it
responds to an applied magnetic field. The strength of this response, or the magnetic susceptibility,
of a neat nitroxide radical polymer system has yet to be established, and this would be the first
measurement to perform. This would of utility to the radical polymer community as the first report
of the magnetic susceptibility of the nitroxide radical.
For a threshold magnetic susceptibility, radicals would align under a magnetic field (Figure
6.1), and, simply put, electrical characterization (e.g., conductivity measurements) of the radical
polymer sample before and after alignment would yield insight to the impact of ordering on radical
polymers in the solid state. However, once the applied field is removed, pendant radicals might
return to their amorphous state, making it difficult to perform electrical characterization of the
sample.

Figure 6.1 Paramagnetic nitroxide radicals (red) pendant to polymer backbones align under an
applied magnetic field. Incorporation into a wax matrix (blue) helps retain ordered structure at
room temperature.
To achieve this end, we propose blending of poly(2,2,6,6-tetramethylpiperidinyloxy
methacrylate) (PTMA) with a waxy material at elevated temperatures (i.e., while it’s in a liquid
state) and exposing to a magnetic field. Subsequent to this, the wax / polymer blend would be
exposed to cryo conditions, such that the pendant radicals would remain arrested in an ordered

45
state. The wax blend would retain this structure when brought back to ambient conditions, where
electrical characterization could be performed. This would be done in comparison with a wax /
PTMA blend that had not been exposed to a magnetic field, in order to ascertain the impact of
alignment on the ability of pendant radicals to conduct charge macroscopically.
The insulating nature of the wax would yield a conductivity lower than neat PTMA; however,
the delta between aligned and non-aligned PTMA in wax is the desired insight. Once established
how significant this impact, other avenues could be endeavored to achieve high absolute
conductivity values. For instance, semi-crystalline domains through isotactic polymer chemistries.
The initial insight of the relative improvement in conductivity as a function of ordering would
yield great insight into design of future radical polymer systems.

Solvation of Radical Polymers to Improve Charge Transport
Radical polymers were first introduced in the field of organic electronics as electrode
materials.12–16 Their rapid redox kinetics enable fast charge shuttling within the electrodes. In
transtioning to the solid state, it is expected that the pendant chains containing radicals will be
constrained in motion and thus their ability to communicate and conduct charge will be reduced.
By exposing thin films to solvent vapor conditions, we anticipate the mobitilty of the pendant
chains to increase, which could increase the proximity and interactions among radicals.
Specifically, if we expose thin films of radical polymers to humid air, the polymers within the
films should experience enhanced levels of charge transport.
Previous efforts36,40 have demonstrated the remarkable environmental stability of radical
polymer thin films. After exposure to humidity or stressing, thin films still perform on par with
their pristine counterparts. Historically, conjugated polymers have been known to experience
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degradation when exposed to ambient conditions;5,7,40,59 however, we have demonstrated the air
stability and environmental resiliency of radical polymers.23,36,37,40 Moreover, we note that during
exposure to humidity, we see enhanced electrical performance. In Chapter 2 of this thesis, we
demonstrated the exponential relationship between conductivity and proximity of radicals. As
those radicals move closer together, the improvement in electrical performance is exponential.
Solvating the radicals to increase their proximity should also help their ability to communicate
electrically and transport charge macroscopically across a thin film. By solvating the radical
polymers, the pendant chains possessing the radical sites will gain mobility and be able to “wiggle”
and their chance of “seeing” each other and communicating increases. We seek to elucidate the
role of solvation on enhanced radical interaction and solid-state charge transport.
A humidity chamber was built to encompass the electrical testing stage and it was found that
conductivity of PTMA thin films increases several orders of magnitude with increasing humidity
(Figure 6.2a). Conversely, as humid films are exposed to ambient conditions, conductivity trails
back off.

Figure 6.2 (a) Conductivity increases several orders of magnitude when PTMA is exposed to
humid conditions. (b) Conductivity decays as humid films are exposed to ambient conditions.
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Conclusions
Magnetic alignment of pendant radicals via SQUID would yield insight into the impact of
ordering on charge transport in radical polymer films. Preliminary results suggest that solvation of
polymer thin films would enhance the mobility of polymer pendant chains, such that they would
interact and communicate better for charge transport applications. More robust studies in either of
these avenues would lend insight into the impact of chain ordering (e.g., crystallinity) and chain
mobility (e.g., low Tg polymer systems) in solid-state charge transport of radical polymers. These
insights will help strengthen the knowledge of structure-performance relationships of radical
polymer systems, such that they can continue to be synthetically designed in a guided manner.
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